Electrochemistry at the interface between two immiscible electrolyte solutions (ITIES) gains more and more interest due to its wide range of applications. The present review encompasses the various domains of charge transfer reactions in biphasic systems, with some emphasis on certain studies that marked the advances of electrochemistry at ITIES and that, in a noticeable manner, have been presented in large majority at the ISE meetings during the last two decades. These studies, as well as some subjects in which our recent research interest is concerned, are used here to describe the fundamental aspects of charge transfer reactions at liquid/liquid interfaces and to outline their various applications. This overview presents the methodologies offered by the ITIES in the fields of amperometric sensors, solvent extraction, pharmacokinetics, thermo-electricity and solar energy conversion, and the accent is put on the perspectives of their potential development in the coming years.
Introduction
Electrochemistry at the interface between two immiscible electrolyte solutions is a rather new topic of electrochemistry, which has been present at every meeting of the International Society of Electrochemistry (ISE) for the last decade.
The first experiments in the field were reported at the end of the last century, but it was only in the 1970s that the subject enjoyed a new era of growth. The pioneer of this renewed interest in the field was Claude Gavach in France who started to apply electrochemical methods to study ion transfer reactions [1] [2] [3] [4] .
Then, the relay was taken by the Heyrovsky Institute in Prague under the influence of Professor Koryta [5] [6] [7] [8] [9] [10] [11] former president of the ISE (1985) (1986) . It was around this time that the acronym ITIES (interface between two immiscible electrolyte solutions) was coined and has remained ever since. When the ISE meeting was held in Prague in 1990, a plenary lecture entitled: 'Electrochemical Processes at the Interface between Two Immiscible Solutions of Electrolytes' was given by Professor Senda who has been the pioneer of the field in Japan. This plenary lecture was followed by the first ISE micro symposium on Immiscible Electrolytes with Professor T. Kakiuchi as Chairman.
In this review article, we shall first recall the fundamental aspects of charge transfer reactions at the ITIES and we shall present our views on some potential applications.
Fundamental aspects

Interfacial structure
The interface between two solvents is by nature a molecular interface with its own dynamics. It is characterised by the fact that it is difficult to define an interfacial structure or thickness as the time scale becomes a parameter of the definition. Is the interface sharp or diffuse? The answer to this question is timescale dependent.
From an experimental viewpoint, capillary wave measurements by X-ray or neutron scattering [12] [13] [14] [15] [16] [17] did not provide yet a proper description of the interface and most of the views we have of the interface stem from computer calculation using molecular dynamic simulation [18] [19] [20] [21] (see Fig. 1 ).
When electrolytes are added to the adjacent phases, the picture becomes more difficult to draw. Upon polarisation of the interface, the potential is distributed between two back-to-back diffuse layers, as has emerged from surface tension measurements by Gavach et al. [22] and from capacitance data by Samec et al. [23] . These space-charged regions do interact, and recent works tend to show that the thickness of the interface becomes smaller as the polarisation increases [24] . In any case, experimental data clearly show that unlike at the metal/electrolyte interface, the measured capacitance is often smaller than the theoretical values calculated by the Gouy-Chapman theory. This can be interpreted by an interpenetration of the diffuse layers [25] or by a thinning of the space charge region upon charge increase, but also by a failure of the GuouyChapman theory [26] .
Unlike solid electrodes, the microscopic aspects of the structure of a liquid/liquid interface are not amenable to scanning microscopy with atomic resolution, and we have no available imaging techniques. This drawback can be turned into an advantage. Indeed because of the interfacial dynamics, the macroscopic properties of liquid/liquid interfaces are highly reproducible, and it is not a surprise that early studies used electrolyte dropping systems where one phase was allowed to drop within another by analogy with polarography.
Charge transfer reactions
One of the characteristics of electrochemistry at the ITIES is the diversity of charge transfer reactions which can be studied by electrochemical methodologies [27] . These charge transfer reactions can be classified into three main categories:
Ion transfer, Assisted ion transfer, Electron transfer.
Ion transfer
Ion transfer reactions are perhaps the easiest to study. The gist is to provide an ion the Gibbs energy of transfer it requires to go from one phase to another by polarising the interface such that the Galvani potential difference defined by
where is the inner (or Galvani) potential of the respective phase, compensates the Gibbs energy of transfer. At equilibrium, the equality of the electrochemical potentials of the ions in the adjacent phases leads to the Nernst equation for ion transfer reactions:
where a i and z i are the activity and charge of the ion i, respectively, and where D o w i 0 is its standard transfer potential defined as:
with DG tr, i 0,w o being the Gibbs energy of transfer of i, v i 0,w its standard Gibbs energy of hydration and v i 0,o its standard Gibbs energy of solvation.
The resemblance with the classical Nernst equation for redox reactions implies that all the electroanalytical methods for reversible reactions where the Nernst equation is used as a boundary condition for the resolution of Fick's diffusion equation can be directly transposed.
Over the last twenty years, a lot of work has been devoted to the measurements of the rate constants of ion transfer reactions. From a phenomenological point of view, an ion transfer reaction includes three major phases: 1. mass transfer in one phase to the interface (mainly diffusion), 2. ion transfer reaction, Fig. 1 . Snapshot of the water surface in contact with 1,2-dichloroethane. Shown is the Conolly surface of the water's oxygen using as a probe a ball of radius 5 A , . The Gibbs surface is at Z =4 A , . (Reprinted with permission from [19] . ©1996 American Chemical Society). from the reaction scheme of Fig. 2 . In the simple case of a 1:1 complexation reaction where either the ion in one phase or the ligand in the other phase is in excess with respect to the other, then the mass transport problem is equivalent to that of a classical redox reaction on a solid electrode. Otherwise, it is necessary either to carry numerical simulations or to simplify the system so as to obtain an analytical solution. One approach developed by Matsuda [35] consists in taking the diffusion coefficients of all the species in one phase equal and in defining total concentrations of metal ion and ionophore, respectively:
In this way, the set of Fick's differential equations for all the species involved, namely transferring ion, free ligand, and the complexes of the different geometries can be condensed to solving only two Fick's equations expressed by the total concentrations:
The symmetric mechanism of a TIC is a transfer by interfacial dissociation (TID). Other types of mechanisms include transfer followed by organic phase complexation (TOC) or aqueous complexation followed by the transfer of the complex (ACT), for which analytical solutions have also been obtained for successive complex formation [36 -39] .
Assisted ion transfer reactions may find in the future interesting applications in selective amperometric ion sensors or in electro-assisted solvent extraction across liquid membranes as originally proposed by Professor Kihara in Kyoto.
Another type of assisted ion transfer reactions is that relative to molecules with acid-base properties. Indeed, the transfer of a base BH + can be regarded either as a classical cation transfer reaction or as a proton-transfer reaction assisted by the conjugated acid (neutral B). As illustrated below in the so-called ionic partition diagrams (see Fig. 10 ), it is clear that the electrochemical studies at liquid/liquid interfaces of molecules with acid-base properties can provide a wealth of information regarding the transfer mechanisms. This is therefore not surprising that this approach is now used to obtain pharmacokinetic information on the partitioning of drugs (see Section 3.4).
Finally, the ion transfer reactions facilitated by ion pair formation can also be classified in the topic of assisted ion transfer reactions. For instance, a cation from one phase forming an interfacial ion pair with an anion from the other still needs to be investigated and constitutes one of the challenges in the study of charge transfer reactions, notably in the field of solvent extraction.
3. mass transfer in the other phase away from the interface. Many reviews [28] [29] [30] [31] [32] have been written on the subject, and we shall presently just like to keep the discussion at a qualitative level. Mass transfer occurs over distances of the order of the micrometer and can be well modelled by solving Fick's equations for the appropriate geometries. One important question is how do we define an ion transfer reaction? What are the important parameters to consider? The major question to address is how to define the reaction co-ordinates and how to relate it to a linear axis or to a flux across the interface. Similarly, is there a limiting step in the passage of an ion across the ITIES? Finally, can an ion present at the interface exchanging some solvation molecules be considered as having transferred? If we study an ion transfer reaction using a classical electrochemical methodology which consists in measuring a current upon polarisation of the interface, the major question is how do the transport numbers of the different ionic species present in the interfacial region change over the interfacial region.
Regardless of these mechanistic uncertainties, ion transfer reactions can be considered as reversible to use an electrochemical jargon. This indeed opens the route to many electroanalytical applications as we shall describe below.
Assisted ion transfer
Assisted ion transfer reactions are a very important class of reactions involving not only a transferring ion but also neutral ligands which can be distributed on either side of the interface. Depending on the different concentration ratios, different types of ion transfer reactions can be envisaged [33, 34] .
In the case of transfer by interfacial complexation (TIC), we have to consider the mass transfer of the different reactants to the interface, as can be deduced
Electron transfer
In the last decade, interest for electron transfer reactions between redox couples separated by polarised liquid/liquid junctions has been steadily increasing. As mentioned earlier, the molecular nature of these interfaces allows the study of charge transfer processes in the absence of surface states related to dislocations or reconstruction forces commonly observed at solid surfaces. This feature brings about some interesting considerations concerning fundamental aspects of electrochemical phase formation, heterogeneous catalysis and solar energy conversion. Key issues in these developments are focused on the dynamics of heterogeneous electron transfer as well as the effect of the Galvani potential difference.
The elementary steps involved in interfacial electron transfer processes are schematically shown in Fig. 3 . The reduction of the species in phase 1 by the redox couple in phase 2 requires the approach of both species to the interfacial reaction planes a and b, respectively. The activation energy DG act for the overall process is determined by the reorganisation energy term u, the formal Gibbs energy for the elementary electron transfer DG o% and the work terms for approaching the reactants w r and separating the products w p [40] :
For outer-sphere electron transfer reactions where no substantial changes in the structure of the redox species occurred, the reorganisation energy is dominated by the solvent contribution, u s . Marcus [41] , and earlier Kharkats [42] , developed expressions for u s on the basis of a sharp interface between two dielectric media. Further developments based on these contributions [43 -48] have provided numerical expressions which allows the estimation of u s for redox couples at polarizable interfaces, as in the case of water/DCE [46] :
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where ne corresponds to the charge difference between the reactant and the transition state, r 1 and r 2 are the ionic radii of species 1 and 2, respectively, and l is the overall distance between both reactants; phase 1 is taken as DCE and phase 2 as water.
The dependence of the activation energy on the Galvani potential difference arises from the other three parameters in Eq. (6), namely DG o% , w r and w p . While DG o% is given by the difference in the electrochemical potential of the redox species, w r and w p depend on the changes of solvation energy and ionic atmosphere of the reactants and products as they approach or depart from the reaction planes. The Galvani potential difference across the interface can effectively induce changes in all these parameters. Therefore, the observed potential dependence of the electron transfer rate constant can arise from two phenomena, (i) variations in the interfacial concentration of the reactants species (brought by the effect of the potential on w r ) and (ii) changes in the free energy of the elementary step. Girault and Schiffrin [27] developed a formalism first introduced by Samec in 1979 [49] which separates both contributions in the absence of specific adsorption of ions, where it follows that the observed electron transfer rate constant k obs is given by:
k obs pzc is the rate constant measured at the pzc, which involves a number of parameters including the reorganisation energy. However, the interesting feature of Eq. (8) is that the first exponential term reflects the concentration polarisation effect while the second provides a Butler -Volmer relationship. In other words, depending on the potential distribution across the reaction planes, ITIES can 'behave' as a semiconductor/electrolyte or as a metal/electrolyte junction. Schmickler [50] performed lattice-gas calculations of particle distribution across the interface, concluding that the concentration polarisation phenomena must be predominant, i.e. D a b :0. Despite these advances from the theoretical point of view, the few experimental developments remain rather controversial. While an early work by Hanzlik et al. [51] suggested that the potential dependence of k obs at the water/nitrobenzene interface is determined by concentration polarisation, other studies at the water/DCE [52] and water/benzene [53, 54] junctions have been in- terpreted in terms of Butler -Volmer behaviour. We have also evaluated the contribution from both phenomena at the water/DCE junctions featuring a high ionic strength in the aqueous phase [55] . However all these analysis are still rather approximate. Another fascinating approach to heterogeneous electron transfer involves photo-excitable dye molecules adsorbed at liquid/liquid interfaces. As schematically shown in Fig. 4A , these species can undergo electron exchange with redox couples located at the other side of the junction only via the excited state. Photocurrent responses have been readily observed at water/DCE junctions in the presence of water soluble porphyrin species and organic redox couples [56 -58] . The mechanism in Fig. 4A also shows that, following the photoinduced electron transfer step, the intermediate complex can undergo back electron transfer or product separation. In the photocurrent transients displayed in Fig.  4B , it is observed an initial photocurrent followed by a relaxation almost to zero. In the off transient, a positive overshoot is observed which resembles the photo-responses at illuminated semiconductor/electrolyte junctions in the presence of interfacial recombination of charge carriers. The back electron transfer response can be partially quenched upon addition of a redox couple in the aqueous phase which is able to react with the intermediate species. In Fig. 4B , this effect is observed in the presence of hexacyanoferrate. This process is equivalent to the super-sensitisation phenomena familiar from dye sensitised photochemistry.
As in the case of 'dark' electron transfer, the dynamics of the photoinduced processes are strongly dependent on the Galvani potential difference. In this sense, one of the major challenges remaining is the understanding of the interfacial potential distribution beyond the simple back-to-back diffuse layer model. Despite this limitation, in the next section we will discuss some exciting developments based on the high reactivity of photoexcited dyes at the liquid/liquid junctions.
Potential applications
Amperometric sensors and ionodes
Ion selective electrodes rely on ion or facilitated ion transfer reactions to establish a potential difference that depends on the concentration of the target ions. Potentiometric sensors depend on thermodynamic equilibria and can therefore be used to measure activities. Amperometric sensors on the other hand depend on diffusion controlled mass transfer and are therefore proportional to the concentrations. Considering that both ion transfer and assisted ion transfer reactions are reversible, these electrochemical charge transfer reactions can therefore be used to design amperometric ion sensors (see [27, 29, [59] [60] [61] for reviews). The main advantage of this approach was that selectivity may be tailored by the choice of the ionophore and by the polarisation potential. However, the development of such sensors has hitherto been hindered by two major factors: (i) the mechanical instability of the interface and (ii) the large ohmic drop in the organic phase.
To circumvent the former, it is possible to use gel electrolytes and to study ion transfer reactions across liquid/gel interfaces. Using a polymeric organic electrolyte phase was first attempted by Senda et al. [62, 63] who solidified a nitrobenzene electrolyte solution by the adjunction of polyvinylchloride (PVC). A similar approach was followed by Marecek et al. [64] [65] [66] and Wang et al. [67] who described electroanalytical applications of ion transfer reactions across liquid/polymer-gel and agar-gel/liquid interfaces.
The other approach to develop amperometric sensors is to take advantage of the instability of the interface to design electrolyte dropping systems analogous to polarography, a typical current response of which is given by the example shown in Fig. 5 . Perhaps, the first papers presenting an electrolyte dropping system were reported between 1976 and 1979 by J. Koryta [6, 68, 69] . The last article [6] was published in this journal and was based on a keynote lecture held at 29th ISE meeting in Budapest in August 1978. Another pioneering work in this area has been achieved by Marecek et al. using differential pulse voltammetry [70] [71] [72] . Since then many articles based on the use of the dropping electrolyte electrode have been published [73] . However, to minimise the problems associated with ohmic loss, the dropping phase is the aqueous one, which de facto limits the analytical applications. However, with all the technology available for flow injection analysis, it may be timely to revisit the dropping electrolyte electrode concept. As a matter of fact, as the use of mercury becomes more and more restricted by health and safety regulations, it would not be surprising to see one day electrolyte dropping systems replacing polarography for the detection of trace level of ions.
To circumvent the large ohmic drop, either advanced cell design or micro-interfaces are required to benefit from the special mass transfer properties of micro-electrodes and micro-systems. One way to improve the cell design is to use thin films of organic phase. This approach has recently been followed by Anson and co-workers who have developed nitrobenzene coated carbon electrodes [74] . This work was presented in 1998 at the ISE meeting in Kytakiushu. In this way, it may be possible to combine some of the advantages of thin-layer cell voltammetry to design some novel amperometric sensors or to apply classical stripping voltammetry similar to that used with thin mercury film.
Another way to use ion transfer reactions to design amperometric sensors is the approach first presented in 1995 at the ISE meeting held in Xiamen, namely the ionode, which consists of a thin inert polymer layer which is micro-perforated and covered by a polyvinylchloride-2-nitrophenyloctylether (PVC-NPOE) electrolyte gel [75 -77] and which can be incorporated in a flowing cell (see Fig. 6 ). Different gelling agents e.g. 1,3:2,4-dibenzylidene sorbitol (DBS) [78] have also been reported for those types of ion-sensitive membranes. Ionophores such as DB18C6 or valinomycin have been incorporated into the gel matrix in order to design an amperometric detector for alkali metal ions which is based on metal-assisted ion transfer reactions at these polarised ionode interfaces and which has been employed in cation exchange ion chromatography [79] .
An ammonium selective ionode incorporating valinomycin in an excess of sodium [79] and a similar approach to design lithium selective sensors incorporating dibenzyl-14-crown-4 in an excess of sodium have been addressed [80] . These two recent results have shown that this type of detector can replace conductometric detectors for the detection of non-redox ions which suffer from lack of selectivity compared to optical or direct amperometric detectors. Other applications of the ionodes include choline ion sensors [77] by a direct ion transfer reaction and enzyme sensors where stripping voltammetry is used to accumulate the ion of interest in the gel layer resulting in the enhancement of the detection limit [76] . 
Marangoni pump
Ionodes can also be employed for driving fluids in micro-channels as recently reported [81] . The principle is based on the Marangoni displacement of an aqueous electrolyte along a micro-channel coated with an organic polymer electrolyte gel featuring a protonable surfactant. As shown in Fig. 7 , a gradient of surface tension is generated by ionisation of the surfactant L-a-phosphatidylcholine (PC) at two localised points in the channel. The results have shown that an effective vectorial control of the fluid displacement and of the spatial resolution in the micrometer range could be achieved upon applying potential differences of the order of only one volt. This could be of great interest for fluid handling in miniaturised systems like microelectrophoresis where joule heating is often a drawback.
Electro-assisted sol6ent extraction
Usually liquid extraction of metal ions based on supported liquid membranes (LM) relies mainly on electrochemical potential gradients where the driving force is often a gradient of pH. The gist of electro-assisted extraction is to use the membrane polarisation as the driving force for carrying metal ions through the membrane. The processes of ion transfer through these membranes can be used as a tool for a better understanding of biological ion transport phenomena. They are also of industrial interest, e.g. for the recovery and the refining of metal ions from waste waters and industrial solutions. A pioneering work in this field was achieved by Purine [82] who used electrodialysis through bulk liquid membranes to accumulate Rhenium from industrial solutions. Depending on the applications, various types of membranes have been extensively studied by electrochemical methodology: liquid membranes [83] [84] [85] , PVC membranes [86, 87] , ion exchange resin membranes [88 -91] or bilayer lipid membranes [90, 92, 93] .
Much efforts have been made to elucidate ion transfer processes through liquid membranes by the use of cyclic voltammetry [85,87,94 -97] . For instance, Fig. 8 shows how the potassium ion transfer facilitated by studied not only from an analytical point of view but also for electrorefining applications. Some examples of selective extraction of metal:ligand systems at large interfaces include Pb(II) and Cu(II):1,4,7,10-tetra-thiacyclododecane (TTCD) [100, 101] , Cu(II):N,N%-bis[2-(diphenylphosphino)-phenyl]propane-1,3-diamine [102] Cu(II):6,7-dimethyl-2,3-di(2-pyridyl)quinoxaline [103] , Cd(II):1,4,7-trithiacyclononane [104] , Cd(II):bipyridine [105] , Ni(II):1,10 phenanthroline [106] and Cu(II), Cd(II) and Ni(II):2,2%;6%2%%-terpyrindine [107] . Based on the methodology of assisted ion transfer reactions and UV excimer photoablation techniques, we have recently developed a new type of supported liquid membranes comprising two micro-machined thin polymer films featuring an array of micro-interfaces [108] . Such a microliquid membrane has been successfully employed for an efficient extraction of lead ion from the water phase to this membrane in the presence of TTCD, providing new routes to electrorefining.
Pharmacokinetics
The behaviour of a drug in its pharmacokinetic phase (which is defined as the ensemble of effects exerted by a biological system upon a drug) is determined by its chemical structure (and its stability) and by its physicochemical properties, namely solubility, ionisation and lipophilicity [109, 110] . Lipophilicity represents the affinity of a compound for a lipidic environment, and it is the most widely used parameter to design drugs and to assess their performances, mainly through the establishment of quantitative structure-activity relationships (QSARs) [111 -115] . If lipophilicity has thus become essential in pharmaceutical sciences, a lack of experimental methodologies restricted its determination to the neutral form of drugs. Therefore, it has been traditionally accepted that ionisable compounds cross membranes only in their neutral form or as ion pairs. However, experimental evidence invalidates this belief, since recent studies [116 -118] suggest a significant passive (i.e. diffusion controlled) [119, 120] transfer of organic ions, which should then be taken into account to model drug disposition. In electrochemical terms, passive transfer simply means partition across an interface, mediated by a potential-driven process [121] , which is used here to assess lipophilicity of ions.
Lipophilicity of a solute is commonly measured by its partition coefficient in a biphasic system, P. Thermodynamically, this parameter is defined as the ratio of the activity of a species dissolved at equilibrium between two immiscible solvent phases a i a , and it is often expressed on a logarithmic scale as log P:
valinomycin from one aqueous phase to both the liquid membrane and the other aqueous phase can be selectively achieved during electrolysis [85] . At the 49th ISE meeting 1998, Professor Kihara presented interesting results showing the reaction process of selective ion transfers and the energetic relation in the coupling of ion transfers with electron transfers by the help of controlled potential electrolysis and polarography at the ITIES [98] .
Due to the strongly hydrated nature of metal ions, the methodology of assisted ion transfer reactions is usually involved in lowering the Gibbs energy of transfer of metal ions. Indeed, liquid membranes incorporating ionophores can provide a wider selectivity and a better separation efficiency compared to that of using solid ion-exchange membranes, which explains why the number of available ionophores rapidly increases [29, 99] . Numerous studies have been carried out on a large number of neutral or synthetic macromolecules able to form a complex with alkali and alkaline earth metal ions and can be found in literature [27, 29] . Transition and heavy metal ion transfers have also been which can be approximated by the concentrations in dilute solutions.
Therefore, log P reflects the difference in solvation energy between water and the organic adjacent phase, and it is then directly related to the Gibbs energy of transfer. Although this quantity is a constant for neutral solutes (noted then log P N ), the Nernst equation for the ITIES reveals that the partition coefficient of an ion, log P i , depends on the Galvani potential difference across the interface [121] . Thus, log P i can be defined by rewriting Eq. (2):
RT ln 10
where log P 0 i is the standard partition coefficient of i, i.e. its partition coefficient when the interface is not polarised. This quantity is thus directly related to the half-wave transfer potential of the ion D o w 1/2 , and it can be directly deduced from e.g. cyclic voltammetry experiments, as obtained by Drs Kontturi and Murtomäki in one of the first studies dealing with the determination of partition coefficients of drugs [122] . Amperometry at ITIES is particularly well suited for the experimental determination of log P 0 i , since it allows for the control of the interfacial potential and hence of the ionic distribution between the two adjacent phases, and affords a direct measure of log P 0 i . However, one major drawback of electrochemistry at ITIES is the limited number of solvent systems to which it can be applied. For instance, n-octanol and alkanes, which are the solvents traditionally used in lipophilicity measurements, cannot be employed because they are not polarizable. Nevertheless, a solvatochromic analysis of the water/DCE systems revealed [123] that this system accounts very well for the Hbonding capacity of solutes which plays a major role in membrane permeation [124, 125] . As many compounds have low solubility in alkanes and as water/n-octanol partition coefficients are not always good predictors of biodistribution, the water/DCE system has become the system of reference to replace the water/alkane system and to characterise H-bonding properties of solutes [126 -131] .
The simplicity of the determination of Gibbs transfer energies by cyclic voltammetry at the ITIES resulted for about 15 years in transfer studies of numerous compounds of biological interest (see [27,59,132 -134] for reviews). However, only very few studies deal with a systematic evaluation of lipophilicity, and Takamura and her co-workers [135, 136] are perhaps the only up-to-now who established relationships between the pharmacological activity and the half-wave transfer potentials of various drugs, with good correlations found for series of hypnotic, anaesthetic, cholinergic and adrenergic agents.
The lack of biological interpretation is certainly due to the fact that the voltammetric response obtained with ionisable compounds is sometimes difficult to interpret. In a very interesting study about the transfer behaviour of oxidative phosphorylation uncouplers [137, 138] , Senda and co-workers put into evidence that the neutral form of a drug such as 2,4-dinitrophenol (DNP) can facilitate the transfer of protons across the ITIES. As shown in Fig. 9 , the dependence of the half-wave transfer potentials on aqueous pH is separated into a first region where D o w 1/2 is constant (corresponding to the transfer of the ion) and a second where D o w 1/2 varies by RT ln 10/z i F mV per pH unit (corresponding to the assisted proton transfer reaction), the transition point between these two region being the apparent pK w a (see below). The same phenomenon was also recently observed with the anti-inflammatory drug piroxicam which is a zwitterion in acidic solutions [139] . Such results are of great interest for pharmacologists, because they can perhaps explain action mechanisms that are not fully understood yet, opening the way to the discovery of novel agents able to alter pH levels or correct for disregulations.
However, this behaviour was totally unexpected, since it implies that a voltammetric response is obtained in a pH region where the solute is not charged or globally neutral. It was therefore necessary to revisit the theory of ionisable solutes transfer, which lead us to establish a general method to predict and interpret the transfer mechanisms of ionisable solutes at large ITIES. The approach, which has been presented at the ISE meeting 1996 in Hungary, is based on the construction of the ionic partition diagram of the solute [140] , which is a transposition to biphasic systems of the well-known Pourbaix's pH-potential diagrams [141] for metals in solution and which has been inspired by a previous study by Wang et al. [142] on the transfer behaviour of the acidic dye bromophenol blue. The methodology of the ionic partition diagrams consists in determining equiconcentration boundaries as a function of the interfacial Galvani potential difference D w o and aqueous pH by taking account of the thermodynamic equilibria governing the distribution of the various acid/base forms of the molecule involved in the transfer. As schematically illustrated in Fig. 10 for the particular case of the anti-arrythmic drug quinidine (which can be protonated twice and deprotonated once), the ionic partition diagram defines the domains of predominance of each species either in the aqueous or in the organic phase, and it offers a global and direct visualisation of all the transfer mechanisms.
It must also be stressed that the model used to draw the ionic partition diagrams is only valid for the case where the volume of the aqueous phase is much larger than that of the organic phase [143] . As such, they assuredly afford a good representation of the real ion distribution in vivo, but they do not always fit accurately with experimental values. Indeed, when the boundary lines are calculating by solving all the thermodynamic equilibria [121] and hence by taking into account the fact that the partitioning of the neutral species into the organic phase modifies the concentrations of all the forms of a compound in the aqueous phase, the domain of predominance of the neutral species is displaced on the pH scale to an apparent dissociation constant which is shifted by a quantity related to its log P N with respect to the pK w a value obtained in the absence of organic solvent (this is indeed evidenced in Senda's above study [137, 138] ). Efforts are now paid to refine the theoretical model of ionic partition diagrams, which will have the double advantage of accounting better for the actual distribution of ionisable compounds in experimental conditions and of offering an indirect evaluation of the partition coefficient of the neutral form of a compound. It is very likely that the amperometric determination of the pH-lipophilicity profile of drugs by amperometry at the ITIES would then become an important competitor to the potentiometric two-phase titration [144 -147] which is the most popular technique to date.
The above studies were completed by the introduction of a novel parameter (namely the difference between the partition coefficient of an ionic and the neutral form of a compound, diff (log P I − N )) which was used to investigate the effect of the charge on the lipophilicity of ionisable compounds [143] . Further results qualitatively showed that the partitioning of ionic species can be related not only to the charge distribution around the molecule (electrostatic field) but also, and perhaps mainly, to the delocalisation (stabilisation) of the charge inside the molecule [148] [149] [150] . This is indeed in good agreement with the fact that short-range ion-solvent interactions (e.g. hydrogen bonding) must be added to conventional (Born-type) electrostatic solvation models in the evaluation of DG tr, i 0,w o of hydrated ions [151] .
The development of new drugs is often hampered by the time due to the number of parameters that need to be obtained to characterise their biological activity and to avoid undesirable side-effects. High throughput screening [152] , combinatorial chemistry [153] and molecular modelisation [154, 155] are now used to reduce the numerous steps of drug discovery. Therefore, analytical systems able to screen the physicochemical characteristics of large numbers of compounds are also very demanding. As the use of cyclic voltammetry to assess such parameters has now been demonstrated, the increase of the analysis speed is assuredly a critical issue for a more intensive use of this technique. The electrochemical methodology thus requires automation and parallelism.
In our opinion, a response to the first topic could be given by the development of analytical systems combining chromatography and electrochemistry at ITIES. With this respect, ionodes are very promising, since they could be used to coat capillary columns in order to serve as polarizable organic affinity matrixes in which ionisable compounds would be differently restrained according to their charge and lipophilicity.
The problem of parallelism could be answered by the development of miniaturised devices [156] [157] [158] [159] which have the supplementary advantage of reducing the sample volumes and hence the consumption of analytes. Here, one can envisage the transposition of reversed phase HPLC [160, 161] to the mm scale, in which the Galvani potential difference across the interface is fixed by modulable electrolyte solutions.
Beside these novel methodologies, measurement of ion lipophilicity could also be of interest in other domains than pharmaceutical sciences. We only quote here the example of flavour chemistry. Although the bulk of research in olfaction and gustation over the years has focused on the complex interplay between volatile compounds and chemoreceptors, and on the development of 'electronic noses' [162] [163] [164] or taste sensors [165, 166] , few studies have dealt with the lipophilicity of flavours and taste compounds [167, 168] . Nevertheless, to exert its activity, a flavour must first diffuse to its site of action (taste buds or olfactory epithelium), and then stimulates a receptor to generate the information (chemical stimulus) [169 -172] .
Attempts for mimicking the mechanism of chemical sensing in biological systems have been carried out by measuring the rhythmic oscillations of the electrical potential generated in a liquid membrane consisting of water/oil/water phases where one of the aqueous phases contains a surfactant [173 -175] . As presented by Arai et al. at the 46th ISE meeting in Xiamen, the frequency, the amplitude and the shape of the electrical oscillations change markedly on addition of various chemical species to the aqueous phase [176] , due to repetitive formation and destruction of the surface active substance layer adsorbed at one of the water/oil interfaces. The electrical potential oscillation has been used to qualitatively determine primary taste substances [177] and to relate the chemical structure and the hydrophobicity of a series of alcohols [174] and sugars [178] to their chemoreception. Such liquid membranes are expected to be useful for evaluating the pharmacological activity [179] and the taste of drugs [133] , but it remains difficult to correlate the type and amplitude of the oscillation to physico-chemical parameters.
It therefore appears that lipophilicity mapping of flavours would be worth investigating to improve our basic understanding of the molecular mechanisms of olfaction and gustation and to establish relationships between log P and their gustatory or olfactory power [180, 181] . This should provide precious information for the discovery of new flavours, and electrochemistry at liquid/liquid interfaces could offer an alternative technique to the 'electronic noses'.
Thermo-electricity
The Seebeck effect, which gives rise to a potential difference when two metals in contact are at different temperatures, can be transposed for two liquid/liquid interfaces. As shown in Fig. 11 , an electro-motive force can be generated when a temperature difference is imposed between the aqueous phases of a water -nitrobenzene -water cell in which only one ion (e.g. tetrabutylammonium, TBA + ) can partition across the liquid/liquid interface. This electro-motive force (e.m.f.) results from the difference of transported entropies of TBA + between the two immiscible electrolyte solutions, which thus behaves as an outstanding thermocouple.
One of us presented the Ionic Seebeck effect in 1988 at the ISE meeting in Glasgow, and part of this presentation was published in ref. [182] . This publication which has passed rather unnoticed may in fact have potential applications in Peltier cooling in small devices such as micro-total analysis systems (m-TAS [159] ).
Electrocatalysis and solar energy con6ersion
In a keynote lecture at the 48th ISE meeting in Paris, Schiffrin and Cheng described the electrodeposition of metallic particles such as Au [183] , Cu and Pd at the water/DCE interface. This interesting development not only provides a way of studying early stages of nucleation processes in the absence of 'active sites', but also to generate catalytic centres between two electrolyte phases. As an example, the reductive dehalogenation of 2-bromo-acetophenone to acetophenone was reported in the presence of Pd clusters. As mentioned earlier, the control of the Galvani potential difference play a crucial role in the catalytic activity. We are also currently investigating interfacial interactions between metallic particles and sensitiser at liquid/liquid junctions. We believe that redox process involving molecules such as CO 2 , or even hydrogenation of organic species, can be effectively photocatalysed by sensitiser species in the presence of metal particles.
The high photo-reactivity of adsorbed porphyrin species opens up the possibility of new photosynthetic approaches based on liquid/liquid interfaces. The photoresponses displayed in Fig. 4B also provide an example of a photosynthetic reaction. According to previous studies on the reduction of TCNQ by hexacyanoferrate at the water/DCE interface [55] , the formal electron transfer potential for an equimolar concentration of the aqueous redox couple lies about 100 mV more negative than the Galvani potential difference employed in the photocurrent measurements. Considering that the wavelength of illumination is 543 nm (2.3 eV), it could be estimated that the photosynthetic efficiency is of the order of 4%. Numerous other studies have been carried out at two-phase systems under non-potentiostatic control [184] .
Finally, these types of interfaces can also provide a novel alternative for photovoltaic devices. In a recent communication [185] , we have performed preliminary evaluations of the output power of a porphyrin sensitised water/DCE junction connected to an external load. Photocurrent-photovoltage curves for various water-soluble porphyrins and organic redox species have provided solar energy conversion efficiency between 0.01 and 0.1%. The complex dependence of the photoresponses on the Galvani potential difference is also responsible for rather low fill factors, typically around 0.4. Despite the low efficiencies obtained so far, the simplicity of the approach allows a great deal of parameters to be optimised. For instance, self-assembled supramolecular structures featuring arrangements of chromophores units linked via molecular wires to redox centres can enhance the interfacial light harvesting and diminish the dependence of the charge transfer dynamics on the potential across the interface. In conclusion, the molecular nature of these interfaces in conjunction with the well-known transport and redox properties of species in solution establish an enormous potentiality for dye sensitised liquid/liquid junctions in the areas of photocatalysis, photosynthesis and photovoltaic.
Conclusion
If the field of electrochemistry of liquid/liquid interfaces has progressed rapidly over the last couple of decades, many issues are still a matter of debate.
From a theoretical viewpoint, the key aspects of potential distribution remain the major challenge. Without a good modelling of the potential distribution, in the absence or in the presence of specific adsorption, it will be difficult to progress in the kinetics analysis of charge transfer reactions. However, considering that most transfer reactions are reversible, this lack of theoretical understanding should not hinder the development of applications.
As described in this review, we should in the next decade see the development of electro-analytical methods based on ion transfer reactions across liquid/liquid interfaces.
The future of large scale separation methods may suffer from the high investment cost involved, and may only find applications in very specific cases such as in the nuclear industry. One very interesting organic phase is of course supercritical fluids such as supercritical CO 2 , and the study of charge transfer reactions at the water/supercritical CO 2 has a lot of scopes for interesting results. Fig. 11 . Thermo-electromotive force of a water-nitrobenzenewater thermocouple. The temperature of each water phase is fixed by a thermostatic bath. The aqueous electrolyte is a solution of 0.1 M NaCl +0.01 M tetrabutylammonium chloride, whereas the organic electrolyte is a 0.01 M solution tetrabutylammonium tetraphenylborate. (Reprinted with permission from [182] . ©1988 Royal Society of Chemistry).
The use of voltammetry to gain pharmacokinetic information is progressing rapidly, and it is likely that this method becomes widely used by the pharmaceutical companies.
Finally, energetic applications should not be excluded. The difficulty here is to be able to deal with thin liquid films. This requires to develop new systems based mainly on polymer which would behave as classical liquid/liquid systems.
All in all, there is no doubt that electrochemistry at liquid/liquid interfaces will remain a very active field of research even if potential applications are slow to come.
